Innate and adaptive immunity are activated by both infections and tumors. The immune cells infiltrating infected tissues are similar to those infiltrating neoplastic tissues, but their function in the first setting is quite different from that in the latter. Infected tissues are usually characterized by an acute inflammatory environment that favors the generation of protective immunity, whereas tumors are characterized by chronic inflammation that suppresses antitumor immune responses and promotes tumor growth and escape from the immune system. During resolution of the immune response to infection or in chronic infections, immunosuppressive mechanisms that are typical of the tumor microenvironment are observed in infected tissues. Conversely, immunotherapy and chemotherapy may redirect the tumor microenvironment and allow the activation of effective anticancer immune responses. The transformation of neoplastic cells is determined by intrinsic genetic alteration but tumor progression is controlled by the tumor microenvironment and by the inflammatory and immune response to the tumors. Commensal microorganisms live in great numbers in all our barrier epithelia and control inflammation and immunity both locally and systemically. The commensal microbiota is essential for optimal immune response to pathogens and for the establishment of autoimmunity. It also modulates inflammation and immune responses that affect tumor growth and it is required for the effectiveness of anticancer immunotherapy and chemotherapy.
Innate and adaptive immunity are activated by both infections and tumors. The immune cells infiltrating infected tissues are similar to those infiltrating neoplastic tissues, but their function in the first setting is quite different from that in the latter. Infected tissues are usually characterized by an acute inflammatory environment that favors the generation of protective immunity, whereas tumors are characterized by chronic inflammation that suppresses antitumor immune responses and promotes tumor growth and escape from the immune system. During resolution of the immune response to infection or in chronic infections, immunosuppressive mechanisms that are typical of the tumor microenvironment are observed in infected tissues. Conversely, immunotherapy and chemotherapy may redirect the tumor microenvironment and allow the activation of effective anticancer immune responses. The transformation of neoplastic cells is determined by intrinsic genetic alteration but tumor progression is controlled by the tumor microenvironment and by the inflammatory and immune response to the tumors. Commensal microorganisms live in great numbers in all our barrier epithelia and control inflammation and immunity both locally and systemically. The commensal microbiota is essential for optimal immune response to pathogens and for the establishment of autoimmunity. It also modulates inflammation and immune responses that affect tumor growth and it is required for the effectiveness of anticancer immunotherapy and chemotherapy.
Keywords. immunity; infection; cancer; microbiota; cancer therapy.
When Hilary Koprowski recruited me to the Wistar Institute in 1975, he had already been working for many years at the interface of infection and cancer, studying oncogenic viruses [1] and the susceptibility of cancer cells to virus infection. Initially, I was somewhat skeptical about the idea of looking at cancers that originate from complex genetic alteration of self cells as foreign invading pathogens, but I learned from Hilary that there are many unexpected commonalities among the immune responses to transplantation antigens, infectious pathogens, and cancer, reviewed in this commentary, and that a comparative study of the mechanisms of resistance to infection and cancer, including commonalities and differences, provides a powerful tool for a better understanding of immunity and eventually for the development of preventive or curative therapies [2] .
At the Wistar Institute, working together with Barbara Knowles, I followed up on the discovery by Peter Doherty that viral antigen recognition by T cells was restricted by histocompatibility antigens [3] . Unlike the prevalent opinion at that time that regulation of the cell-mediated cytotoxic response to viral antigens was different from that to tumor-associated antigens, we found not only that the recognition of tumor antigens (ie, SV40 T antigen) was, similar to recognition of antigens of infectious viruses, restricted by major histocompatibility complex (MHC) antigens, but also that self-restricted anti-SV40 T antigen T cells were induced similarly by syngeneic, allogeneic, and xenogeneic transformed cells, thus identifying the mechanism of antigen cross-presentation for tumor antigens [4] . The interpretation of those studies and the full appreciation of commonalities and differences between immunity to infections and tumors were complicated by the facts that we knew so little about the mechanisms of T-cell antigen recognition and that the structure of the T-cell receptors was still unknown. Following many discussions with Peter Doherty, who had in the meantime joined the Wistar Institute, we published a hypothesis article [5] containing an evaluation of the possible mechanisms of dual recognition of antigens and histocompatibility antigens (Figure 1) . In light of current knowledge, the apparent naivety of those models and our inability to predict the ability of peptides interacting with MHC antigens to form a unique molecular structure recognized by a single receptor show how much remained to be revealed regarding the shared mechanisms of immunity between infections and tumors before these mechanisms could be harnessed for effective cancer therapy, which has been done successfully only very recently [6] .
Commonalities Between the Immune Response to Infection and Cancer
Innate resistance, tissue repair, and adaptive immunity are activated both by infection and by tumor growth. However, at first sight, acute infections always seem to be associated with evident inflammation, whereas the neoplastic lesions are initially inducing little visible inflammatory or immune reaction, and only upon extensive tumor expansion or tissue destruction do The lack of knowledge at that time of the structure and specificity of the T-cell receptor and of the ability of antigenic peptides to fit in the groove of major histocompatibility complex (MHC) antigens made it very difficult to interpret the data showing a similarly restricted recognition of viral and tumor-associated antigens and those indicating the ability of tumor antigens to be cross-presented on autologous MHC antigens different from those expressed on the immunizing tumor cells [4] . Only the models depicted in (i)a and (ii)a represented a rudimental and much approximated vision of the present understanding of T-cell antigen recognition. The knowledge of the specificity and control of T-cell-mediated immunity, as well as the role of inflammation and innate resistance to both regulate adaptive immunity and tumor initiation and progression, has since allowed great advances in the understanding and translational utilization of the shared immune mechanisms between infection and cancer. Reproduced with permission from the article by Doherty et al [5] .
inflammation and tissue repair become fully apparent. Yet, inflammation and immunity affect all stages of neoplastic progression, from initiation, progression, and metastasis formation to the response to cancer therapy. Although the proliferative and invasive properties of transformed neoplastic cells are determined by intrinsic genetic alterations, the ability of the transformed cells to progress and form tumors is strictly controlled by the tumor microenvironment and by the inflammatory and immune response to the tumors.
Resistance to infection by foreign pathogens is mediated by the presence of anatomical barriers and by different classes of innate and adaptive immune mechanisms. The permeability of the barrier surfaces is maintained not only by the physical obstacle of tightly joined cells but also by the humoral and cellular components of innate and immune resistance that regulate the physiology of the epithelial cells and exert antibacterial functions. This contributes to the maintenance of the equilibrium in the commensal microbial population colonizing all of the barrier surfaces and to the prevention of the invasion and growth of external pathogens, as well as of resident bacterial species ( pathobionts) that may become pathogenic when escaping homeostatic control [7] . Because the exposure to commensal microbiota and pathogens, as well as the physiological cellular functions of various tissues, are different, the quality, strength, and type of immune response that is activated is differentially tailored to obtain efficient pathogen inactivation and elimination while avoiding excessive collateral tissue damage [8] . This is particularly true in tissues such as the intestinal mucosa in which, due to the presence of an abundant commensal microbiota, inflammatory and acute immune response to the commensal microorganisms should be controlled by an antiinflammatory environment that, however, should not prevent an effective immune response against infectious pathogens [9] [10] [11] . Microbes that develop evasion mechanisms and thwart the immune homeostasis at the barrier epithelia induce acute or chronic infections locally or systemically that are often associated with immunopathology and tissue damage.
Many of the mechanisms and receptors that are known to be involved in innate and immune resistance to infections are likely derived from those present in the early metazoans to communicate and maintain equilibrium with commensal microorganisms with which all animals are closely associated [12] . Thus, unlike the traditional view of immunity, it could be conceived that innate resistance that sets the stage for the strength and quality of the antigen-specific immune response is triggered not by the recognition of substances seen as foreign or dangerous but rather by those that reflect tissue damage or alteration of tissue homeostasis [13, 14] . Innate receptors respond to exposure either to microbe-associated molecular patterns present in abnormal concentrations and anatomical locations or to endogenous ligands released by damaged cells (damage-associated molecular patterns). Thus, inflammation and innate resistance can be triggered by tissue damage and loss of homeostasis induced by either infection or a pathological tissue alteration such as tumor growth. The innate response is then amplified by the recruitment of proinflammatory cells that establish the microenvironment in which an antigen-specific immune response can be elicited but also in which antiinflammatory mechanisms are activated for resolution of inflammation, prevention of excessive tissue damage, and tissue repair [15] [16] [17] .
Often tumors originate from inflamed tissues either because of infection with pathogens, some of which may directly or indirectly have oncogenic potential, or because of other aseptic causes that alter tissue integrity [18, 19] . Preexisting inflammation may be directly involved in cancer initiation by favoring genetic instability and the appearance of mutations in oncogenes or tumor suppressor genes [20] . The major effect of inflammation is, however, to establish a tumor-promoting microenvironment expressing growth factors, angiogenic factors, tissue-remodeling enzymes, and immunosuppressive cytokines, as well as receptor-ligand pairs that allow tumor progression and invasion. Expression of several oncogenes (eg, Ret, HRas, and KRas) in the transformed cells induces intrinsic inflammation characterized by the secretion of cytokines, chemokines, and metalloproteases that resembles inflammation associated with cell senescence and that contributes to the recruitment of proinflammatory hematopoietic cells mediating extrinsic inflammation [21] [22] [23] . Once the tumors are established and initiate tissue invasion, they are always associated with cancer-related inflammation that maintains the tumor-promoting and immunosuppressive microenvironment.
Although both infected tissues and neoplastic lesions are characterized by inflammation and infiltration of hematopoietic cells, the two pathological microenvironments are usually quite different, with an initial brisk immune response in acute infections that in most cases results in control or elimination of the pathogens, compared with an immunosuppressive microenvironment containing antiinflammatory cytokines such as interleukin 10 (IL-10), transforming growth factor β (TGF-β), type I interferon, and vascular endothelial growth factor, as well as immunocheckpoint receptor-ligand pairs (eg, CTLA4/CD80/ CD86 and PD1/PDL1/PDL2), in tumors. Yet, an antigenspecific immune response is often activated in the tumors and modulates their progression, as shown by the powerful correlation of a brisk T-cell response with a favorable prognosis in colon and other types of cancer [24] and the recent success of cancer therapies using immune checkpoint inhibitors [25] .
Interestingly, the type of inflammatory cells and their differentiation in the inflamed tissues is similar in infection and cancer and characterized by the infiltration of inflammatory monocytes that differentiate into macrophage-and dendriticlike cells, in addition to the presence of neutrophils, natural killer cells, and immune T and B lymphocytes (Figure 2 ) [26] [27] [28] . However, the antigen-presenting and proinflammatory functions of the infiltrating myeloid cells are very different. In acute infection they are easily induced to produce proinflammatory factors such as interleukin 12 (IL-12) and tumor necrosis factor (TNF) and thus favor a T-helper type 1 (Th1) and T-cell cytotoxic immune response [26, 29] , whereas in tumors they are refractory to production of these cytokines in response to innate receptor ligands unless antiinflammatory cytokines such as IL-10 and TGF-β are neutralized [30] [31] [32] . The antiinflammatory and immunosuppressive mechanisms, including antiinflammatory cytokines and immune checkpoints, that are observed in the tumor microenvironment largely overlap those observed during resolution of inflammation and exhaustion of the immune response after clearance of infections or during chronic infections [15, 17, [33] [34] [35] . Conversely, during immunotherapy and certain types of chemotherapy, the immunosuppressive tumor microenvironment can be reversed and the functions of myeloid cells can be redirected to production of proinflammatory and immunoregulatory cytokines and enhancement of antigen-presenting cell functions, with induction of antitumor immune responses mimicking those observed in acute inflammation [25, 30, 36] . The results of these studies and the recent success of immune checkpoint inhibitors in cancer are clearly indicating that comparative studies in infection and cancer immunity will not only improve our understanding of the basic 
Cancer as a Disease of the Symbiont/Metaorganism
Eukaryotes evolved in symbiosis with microorganisms, such as archaea, bacteria, fungi, and viruses. Signaling between eukaryotic cells and commensal microbes initially regulated nutrition, metabolism, and morphogenesis, and some of the mechanisms and receptors involved in this interaction have been co-opted in vertebrates to mediate innate and adaptive resistance to infections [12, 37] . In humans, commensal microorganisms inhabit all of the barrier surfaces. The number of microbes is 3-10 times higher than that of our own cells, and microbial genes are at least 100 times more numerous than our human genes [38] . Thus, all animals, including humans, are symbionts or metaorganisms composed of host and microbial cells, each with their own genes (metagenome) and shared metabolic processes and products (metabolome) [39] .
The interplay between the commensal microbiota and the host immune system limits the inflammatory responses to the commensals, controls indigenous pathobionts, and regulates immunity against pathogens [40, 41] . Disruption in the microbial community (dysbiosis) alters this homeostatic control and may result in inflammatory or immune pathology [42] . In addition to barrier immunity, the microbiota regulates systemic immunity, modulating both resistance to infection and autoimmunity [43] [44] [45] [46] . While barrier immunity is regulated by the local microbiota in a compartmentalized way [47] , the abundant microbiota in the gut and possibly at other anatomical sites, such as the oral cavity, appears to be mostly responsible for systemic immunity [48] . The cellular and molecular mechanisms by which the commensals regulate systemic immunity are only beginning to be understood. Germ-free or antibiotic-treated mice have defective myelopoiesis and impaired neutrophil homeostasis and are unable to resist certain bacterial [49] and virus infections [44, 45] . The inability to respond to infections appears to be largely due to altered proinflammatory and antigen-presenting functions of myeloid cells, such as dendritic cells and macrophages, that need to be epigenetically primed for optimal responsiveness by systemic signals dependent on the presence of the microbiota [50] .
When cancer grows in an animal, the whole metaorganism is involved, and by regulating metabolism, inflammation, and immunity the commensal microbiota modulates the tumor microenvironment and the ability of the tumor to progress [51] . Also, through its effect on metabolic functions, the microbiota may also be responsible for cancer-predisposing conditions, such as obesity [19] . Thus, by setting the inflammatory/immune tone and by regulating the host response to oncogenic pathogens, tissue damage, and cancer-associated inflammation, the microbiota may contribute to carcinogenesis, tumor progression, cancer comorbidities, and response to therapy.
The Commensal Microbiota Is Needed for Response to Cancer Therapy
The effect of the gut commensal microbiota on cancer therapy has been analyzed by testing the response of germ-free or antibiotic-treated mice to different types of treatments. Intratumoral injection of CpG-oligodeoxynucleotide combined with antibody neutralization of IL-10 signaling induces a rapid TNFdependent hemorrhagic necrosis followed by an effective antitumor immune response in conventionally raised mice [30] but not in germ-free or antibiotic-treated mice [52] . In microbiotadepleted mice, tumor-infiltrating myeloid-derived cells fail to produce inflammatory cytokines, including TNF and IL-12, that are required for the antitumor response activated by CpG-oligodeoxynucleotide [52] . The presence in the gut of several bacterial species was positively correlated with the TNF response, while Lactobacillus species decreased the response [52] . The ability of the gram-negative bacterium Alistipes shahii to enhance the TNF response and that of Lactobacillus fermentum to attenuate it was directly demonstrated by in vivo association experiments [52] .
The therapeutic effect of the platinum compounds oxaliplatin and cisplatin on mouse sterile subcutaneous transplanted tumors was also almost abolished in antibiotic-treated or germ-free mice [52] . It was observed that tumor-infiltrating myeloid cells in microbiota-depleted mice failed to produce in response to the oxaliplatin reactive oxygen species that are needed for the oxaliplatin-mediated genotoxic effect on tumor cells [52] .
Chemotherapy and radiation therapy are toxic for the intestinal mucosa, increasing mucosal permeability and inducing dysbiosis and transmucosal translocation of commensal bacteria. In the anticancer therapeutic protocol of adoptive transfer of tumor-specific cytotoxic CD8 + T cells, lymphoablations and myeloablations induced by total body irradiation improved T-cell survival and therapeutic efficacy [53] . Total body irradiation induces mucosal damage, infiltration of the mesenteric lymph nodes by gut bacteria, and elevated serum endotoxin levels [53] . The ability of total body irradiation to improve tumor regression by priming tumor-infiltrating myeloid cells for sustaining proliferation, survival, and activity of the transferred T cells was largely abolished in mice depleted of commensal microbiota [53] . Cyclophosphamide is among the chemotherapy agents that, similar to oxaliplatin, activate a cancer-specific immune response by inducing immunogenic cell death in conventionally raised animals but not in mice depleted of commensal microbiota [54] . In conventionally raised animals, cyclophosphamide treatment induces dysbiosis and mucositis; gram-positive bacteria that translocate into the draining mesenteric lymph nodes prime antigen-presenting myeloid cells to elicit pathogenic effector Th17 and memory Th1 cells [54] . Thus, antigen-presenting cell activation and induction of effective antitumor immune responses by chemotherapy require not only release of damage-associated molecular patterns [36] , but also the participation of commensal bacteria and/or their products in the priming and activation of myeloid cells.
Concluding Remarks
The studies in these last few years have seen a remarkable success of different protocols of cancer immunotherapy, many of which are based on the use of monoclonal antibodies to tumor antigens and to immune regulators [6] . The now known commonalities between immunity to infection and cancer, the role of the symbiont/metaorganism in modulation cancer progression and response to therapy, and the role of inflammation and several oncogenic microorganisms in cancer development show that the use of similar approaches to study infectious and neoplastic diseases and to learn from comparative studies can be very rewarding. The recent report that the protective immune response to the product of cancer-mutated genes elicited by immune checkpoint inhibition in patients with cancer was particularly effective when the mutated antigen mimicked microbial antigens opens the intriguing possibility of an even closer relationship between cancer immunity and activation of the patient immune system by antigens of pathogens and commensal microorganisms [55] .
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